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The accuracy of an eddy current inspection depends in large p.art on the performance of the eddy current probe.
Consistent performance requires identification of the eddy current probe parameters which characterize performance.
These parameters could then serve as a basis for probe procurement specification.
Their measurement would also provide a basis for the evaluation of probes which are currently used at inspection facilities and which may have deteriorated [l] .
The problem of probe characterization has been extensively addressed in recent years.
Potential parameters or standards of comparison have included: a) probe responses to well characterized defects [2, 3, 4, 5] ; b) the decrease in defect response with probe lift-off and tilt [6] ; c) the difference in probe impedance magnitude when the probe is in contact with aluminum and with titanium [7] ; and d) the dimensions and strength of the probe field [7, 8] .
The advantage of all but the last of these approaches is that changes in impedance are measured rather than absolute values.
Impedance measurement devices used for eddy current inspection (and consequently available at inspection facilities) do not provide absolute impedance measurements but rather greatly amplified measurements of impedance differences. Consequently each of the methods can be implemented at inspection facilities where absolute measurement devices are generally not available.
The disadvantage of these approaches, with the exception of the last, is the dependence of the results on the test conditions. Unless the compared probes are the same type and the same size the results provide an accurate rating of the probes only with respect to the specific test conditions. Probe performance depends on a combination of factors.
The isolation of the effects of these factors would facilitate probe evaluation as well as probe design.
It is postulated that there are four basic probe parameters which determine the performance of an eddy current probe in any given situation. These are a) the coupling coefficient of the probe, b) its effective size, c) its frequency range of operation (determined by the resonant frequency), and d) the unloaded probe impedance (probe impedance in air) over the frequency range of operation. These parameters would be useful as probe procurement specifications, however their utility for probe evaluation at inspection facilities is questionable.
Determination of the coupling coefficient, resonant frequency and unloaded probe impedance all require absolute impedance measurements.
The coupling coefficient, K, is the ratio of the flux that links within the test material to the total flux associated with the probe. It is a measure of probe efficiency. The more efficient the probe (the higher the coupling coefficient) the more sensitive the probe is to the test material. In the absence of lift-off, efficiency is an intrinsic property of a probe; the value of the coupling coefficient is independent of the test material.
The effective size of a probe is described by the radius of its field at the point where the field intensity is greatest. For the ferrite pot core probe this radius,~. is one third the outside diameter of the core [9] . The ~ of an air core probe is somewhat larger than this relative to its physical dimensions [7] . Defect response magnitude is dependant not only on the relative dimensions of the probe and the defect, but also on the ratio of~ to the skin depth,
The effect of frequency also depends on the test conditions; the resistivity of the material determines the skin depth at that frequency. Skin depth relative both to defect depth and to ~ affects defect response magnitude. The effect of the unloaded probe impedance depends on the extent to which it meets the requirements of the instrumentation used to make the measurements.
Coupling coefficient, the material -independent parameter, is discussed below. The effects on defect response magnitude of coupling coefficient and the other three parameters are illustrated in following sections.
COUPLING COEFFICIENT
The effects of coupling coefficient, frequency, and material resistivity are illustrated by the normalized ~mpedance curve in Figure 1 . An impedance curve is generated by normalizing, over a range of frequencies, the loaded probe impedance, Zm (probe in contact with the test material), with respect to the unloaded impedance, Zo (probe in air). The normalized resistance, Rn, and normalized reactance, Xn, are given by
Rn
Rm-Ro Xo and Xn = Xm Xo
where Rm and Xm are the components of Zm, and Ro and Xo are the components of Zo. Location on the curve is determined by the reference number, r;&. The curve is independent of the test material as long as the skin depth is less than the thickness of the material and the frequencies are less than 20% of the resonant frequency of the probe.
The square of the coupling coefficient is equal to the change in normalized reactance when the reference number is extrapolated to infinity:
where Xc is the reactance axis intercept point of the extrapolated impedance curve. The further the curve extends in the reactive (and the real) direction, the greater the value of the coupling coefficient. The coupling coefficient is determined by probe size, wire size, number and distribution of turns, core type and permeability, shielding, and separation between the probe and the test material (lift-off).
Measurement of the coupling coefficient is a straight forwar~ procedure that does not require standards; knowledge of material resistivity is not required. It is only necessary to have a metal block of adequate thickness. Impedance data are collected and normalized over a range of frequencies. If the data do not fall sufficiently close to the reactance axis to permit extrapolation, the process can be repeated either over a higher range of frequencies or with a block having a higher conductivity.
DEFECT RESPONSE ~~GNITUDE
The effects of coupling coefficient on defect response magnitude are illustrated in Figure 2 . The defect responses are vectors showing the magnitude and phase of the probe impedance when the probe was centered above a "crack" in titanium.
The "crack" was formed by placing two half inch thick titanium blocks side by side and in contact.
Thus the "crack" was infinitely long relative to the probe and its depth was many times greater than the greatest skin depth.
It can be seen that at any given reference point on the curve, described by the reference number, r/b, the lower the coupling coefficient, the smaller the defect response magnitude.
It might be assumed that at a given frequency, defect response magnitude is a measure of the coupling coefficient and consequently a measure of the efficiency of the probe.
In fact, when probes are evaluated on the basis of relative magnitudes of responses to a long, deep defect in one material and the result of the evaluation is applied to a similar defect in a different material (same frequency), there is an implied assumption that defect response magnitude is a measure of some intrinsic probe property. This is true only if the reference number is also taken into consideration. Even at a single frequency, the reference number is not identical for all probes unless they have the same design and dimensions.
The effects of both reference number and coupling coefficient are illustrated in Figure 3 where the magnitudes of the defect responses associated with each of the three curves shown in Figure 2 are plotted against reference number.
The three curves could have been generated by three different size probes having the coupling coefficients shown.
Let us assume that the probe which generated the middle curve was larger than the one that generated the upper curve.
If the material is titanium and the frequency such that the reference number for the larger probe is less than 2.5, then it is possible for the magnitude of its defect response to be greater than that of the smaller probe which has a lower reference number. If the two probes were then compared on the basis of the relative magnitude of their responses to a similar defect in a more conductive material, say aluminum, the reference numbers of the two probes would be greater than 2.~ and the defect response magnitude of the smaller, more efficient probe would be greater. Rating probes on the basis of the relative magnitude of their responses to a long, deep crack is satisfactory if the probes have the same type of core and are very similar in size, or if the results are assumed to apply only to the material on which the ratings were based, or if the reference numbers are known.
The problem is further complicated if the probes are to be used to detect cracks which are shorter than twice the ~ of some of the probes If two probes are equally efficient and the cracks are of equal depth, the smaller probe will give the larger defect response.
The data in the preceding discussion were normalized with respect to unloaded probe impedance, Zo. Had the data not been normalized, the effects of probe to probe variation in this quantity could have overshadowed the effects of both probe efficiency and probe size. The larger the value of the unloaded impedance, the greater the magnitude of a defect response. However, as long as the unloaded impedance meets the requirements of the instrumentation, the effect of its variation among different probes can be compensated by instrument gain. If the probe impedance does not meet instrument requirements the probe is next to useless with that instrument. Probe impedance is determined by the number of turns, their distribution, wire gauge, coil dimensions, and core type and permeability. While these design parameters also determine probe efficiency, their relative effects on Zo and K are different. There is no correlation between probe efficiency and probe impedance (or inductance).
The same parameters which affect probe impedance and efficiency also affect the resonant frequency of a probe. At the resonant frequency inductive reactance is equal to capacitive reactance.
Eddy current responses are affected at frequencies far below the resonant frequency. As the frequency is increased from DC, the inductance increases to a maximum then decreases slightly (between about 4 and 10%) to a minimum before rapidly increasing. At a frequency equal to approximately 20% of the resonant frequency, the inductance, L, has increased to 4% above its minimum. At this frequency normalized impedance data begin to deviate from the previously established impedance curve and defect responses become, apparently, unpredictable.
To illustrate the effects of approaching compared for two probes which differed only consequently in their resonant frequencies. A was well above the 13 MHz frequency limit that of Probe B was approximately 1 MHz. resonant frequency, data were in the number of their turns, and The resonant frequency of probe of our impedance analyzer while
In Figure 4 the ratio of probe inductance at each frequency to the minimum measured probe inductance (L/Lmin) for each probe is plotted against frequency and r/b.
Normalized impedance curves for the two probes are shown in Figure 5 where the frequency associated with each point is indicated.
The inductance of probe B has increased by 4% at 4480 kHz and at that frequency the impedance has deviated from the previously established impedance curve.
In contrast the inductance of probe A has increased by 4% at 140 kHz and at this frequency and above the data no longer fall on the previously established curve.
By 560kHz, the real component of the impedance has become negative.
(In some cases the real component increases drastically in the positive direction.)
Approaching the resonant frequency also affects defect response magnitude as seen in Figure 6 where the responses of probes A and B to the "crack" in titanium are plotted against r/6 and frequency.
The greater magnitude of Probe A defect responses is consistent with its higher coupling coefficient indicated in Figure 5 . At 1120kHz (above the resonant frequency) the defect response magnitude is vastly improved, but this may not be a consistent result. If that component of the defect response that is normal to the liftoff vector is considered (as it often is in defect detection) it can be seen in Figure 7 that the probe sensitivity decreases as the resonant frequency is approached. The solid lines represent the normal-to-lift-off magnitudes of defect responses of other probes to the same "crack". It has been our experience that the indicated frequency of operation of many commercial probes is considerably greater than 20% of their resonant frequencies.
While there may well be situations where it is desirable to operate at or near the resonant frequency, the relationship of the operating frequency to the resonant frequency should be recognized and should perhaps be considered in a probe evaluation plan.
SUMMARY
Four factors together affect defect response magnitude: the coupling coefficient, r/6, the relative sizes of the probe and the defect, and the skin depth relative to defect depth.
Effective probe design and meaningful probe evaluations require that the relative effects of these three factors be determined. Understanding of these relationships would provide the basis for the design and fabrication of probes which were optimum for specific inspection conditions. Given a material resistivity and dimensions of the smallest defect to be detected, there would be a basis for deciding what trade-offs to make for a probe design that was optimum for the particular set of conditions.
If the relationships among the factors were understood we would also have a basis for evaluating probes in terms of their application to a specific set of conditions without the necessity for manufacturing a standard to duplicate those conditions.
